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a b s t r a c t
Over the past few decades, sea ice retreat during summer has been enhanced in the Paciﬁc sector of the
Arctic basin, likely due in part to increasing summertime heat ﬂux of Paciﬁc-origin water from the Bering
Strait. Barrow Canyon, in the northeast Chukchi Sea, is a major conduit through which the Paciﬁc-origin
water enters the Arctic basin. This paper presents results from 6 repeat high-resolution shipboard
hydrographic/velocity sections occupied across Barrow Canyon in summer 2010. The different Paciﬁc
water masses feeding the canyon – Alaskan coastal water (ACW), summer Bering Sea water (BSW), and
Paciﬁc winter water (PWW) – all displayed signiﬁcant intra-seasonal variability. Net volume transports
through the canyon were between 0.96 and 1.70 Sv poleward, consisting of 0.41–0.98 Sv of warm Paciﬁc
water (ACW and BSW) and 0.28–0.65 Sv of PWW. The poleward heat ﬂux also varied strongly, ranging
from 8.56 TW to 24.56 TW, mainly due to the change in temperature of the warm Paciﬁc water. Using
supplemental mooring data from the core of the warm water, along with wind data from the Pt. Barrow
weather station, we derive and assess a proxy for estimating heat ﬂux in the canyon for the summer time
period, which is when most of the heat passes northward towards the basin. The average heat ﬂux for
2010 was estimated to be 3.34 TW, which is as large as the previous record maximum in 2007. This
amount of heat could melt 315,000 km2 of 1-meter thick ice, which likely contributed to signiﬁcant
summer sea ice retreat in the Paciﬁc sector of the Arctic Ocean.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Paciﬁc water enters the Arctic Ocean via Bering Strait and ﬂows
northward across the wide and shallow Chukchi Sea. The long-term
mean annual transport measured at the strait is 0.8 Sv (1 Sv
¼106 m3s1) (Roach et al., 1996; Woodgate et al., 2006), although
recently this has increased to more than 1 Sv (Woodgate et al., 2012).
The Paciﬁc water inﬂuences the Arctic basin in a number of
important ways. The cold winter water ventilates the interior
halocline (e.g. Pickart et al., 2005) and provides nutrients that spur
primary production (e.g. Codispoti et al., 2005). The summer water is
a predominant source of heat and freshwater (e.g. Shimada et al.,
2001; Yamamoto-Kawai et al., 2008). Over the last decade the heat
and freshwater ﬂux through Bering Strait has increased (Woodgate
et al., 2012) and the warm Paciﬁc water, which typically resides just
below the surface mixed layer in the Canada Basin, has signiﬁcantly
contributed to both sea-ice melt in summer and a decrease in sea-ice
formation during winter (Shimada et al., 2006). As such, the warm
Paciﬁc water has attracted great attention in recent years.
After entering the Chukchi Sea, the Paciﬁc water follows three
topographically steered branches across the shelf before reaching the
deep Arctic basin (Fig. 1). The eastern branch ﬂows adjacent to the
Alaskan coast before exiting the Chukchi Sea through Barrow Canyon
(Weingartner et al., 1998, 2005; Pickart et al., 2005). The middle
branch ﬂows through Central Channel between Herald and Hanna
Shoals (Weingartner et al., 2005), and the western branch progresses
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through Herald Canyon on the western shelf (Woodgate et al., 2005;
Pickart et al., 2010). In summer and early fall, when the volume and
heat ﬂuxes through Bering Strait increase to their maximum values,
much of the inﬂowing water ﬂows along the eastern branch as the
Alaskan Coastal Current (ACC) (Paquette and Bourke, 1974). Further-
more, part of the Central Channel branch is believed to be diverted to
the northeastern part of the shelf (Weingartner et al., 2013). Itoh et al.,
(2013) argued that the transport through Barrow Canyon accounts for
roughly 94% of the Bering Strait transport during the months of
JulySeptember, and Gong and Pickart (2015) came to a similar
conclusion using velocity data across the shelf. Therefore, Barrow
Canyon is an ideal location to monitor Paciﬁc water during the
summer, especially for evaluating the heat ﬂux into the Arctic basin.
Barrow Canyon represents a deep (extending to 300 m) and
wide (50 km) incision into the Chukchi shelf that runs nearly
parallel to the coastline of northwest Alaska. During the summer
season, a number of Paciﬁc-origin waters from Bering Strait can be
found in the canyon (see for example Munchow and Carmack,
1997; Gong and Pickart, 2015), which can be divided into summer
and winter waters. The two summer waters are the warm and
fresh Alaskan coastal water (ACW, e.g. Paquette and Bourke, 1974)
and the generally cooler and saltier summer Bering Sea water
(BSW, e.g. Steele et al., 2004)1. Two classes of winter water have
been distinguished in the literature based on a temperature
criterion (e.g. Gong and Pickart, 2015), but in this study we make
no such distinction and consider a single cold, relatively saline
water mass referred to as Paciﬁc winter water (PWW, e.g.
Weingartner et al., 1998; 2005). The ACW ﬂows predominantly
along the coastal pathway, while the BSW is advected both near
the coast and in the central pathway (Gong and Pickart, 2015).
These two water masses are generally found in the upper part of
the water column. During the summer months PWW drains into
the canyon from the central shelf, constituting the last vestiges of
the previous winter’s convective product (E. Shroyer, pers. comm.,
2014). This dense water is typically found at depth in the canyon
below the summer waters, even as late as August (Pickart et al.,
2005; Itoh et al., 2012).
Mooring observations in Barrow Canyon have revealed persis-
tent northward ﬂow that is strong in summer and weak in winter
(Aagaard and Roach, 1990; Weingartner et al., 1998; 2005). The
mean ﬂow through Barrow Canyon is primarily forced by the sea-
surface pressure gradient between the Paciﬁc and Arctic Oceans,
with variations mainly caused by changes in local wind
(Weingartner et al., 2005; Woodgate et al., 2005; Itoh et al.,
2013). During summer and fall, ship-based synoptic observations
of the hydrography and circulation in Barrow Canyon were
examined by Munchow and Carmack (1997), Weingartner et al.
(2005), Pickart et al. (2005), Okkonen et al. (2009), Shroyer and
Plueddemmann (2012), and Itoh et al., (2013). Furthermore, the
seasonal and interannual variation of volume, freshwater, and heat
ﬂux through Barrow Canyon was examined using mooring obser-
vations at the mouth of the canyon from 2000 to 2008 (Itoh et al.,
2013). The year-to-year variation in heat ﬂux (relative to the
Fig. 1. Average sea surface temperature (color, 1C) from the Moderate Resolution Imaging Spectroradiometer (MODIS) during 511 September 2010. The major topographic
features of the Chukchi Sea from the International Bathymetric Chart of the Arctic Ocean (IBCAO, version 1.0) are overlaid. The black lines denote the 20, 40, 60, 80, 100, 500
and 2000 m isobaths. Bering Strait, Central Channel, Herald Canyon, Herald Valley, Herald Shoal, and Hanna Shoal are denoted by BS, CC, HC, HV, HeS, and HaS, respectively.
The white arrows show schematic pathways of the Paciﬁc water across the shelf. The black rectangular region indicates the region of the enlarged map around Barrow
Canyon. Solid and open red circles indicate the stations of the DBO-5 repeat hydrographic transects conducted by the international research vessels listed in Table 1. Volume,
freshwater and heat ﬂuxes listed in Table 2 and heat and freshwater contents listed in Table 3 were integrated over the stations indicated by solid red circles. The location of
the mooring Stn. B1 used in the study is denoted by the red triangle. Gray circles mark the location of transport measurements at the mouth of Barrow Canyon used in Fig. 6a.
1 Summer Bering Sea water has also been called western Chukchi summer
water (Shimada et al., 2001) and Chukchi summer water (von Appen and Pickart,
2012).
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freezing point) was substantial, ranging from 0.93 TW to 3.02 TW
for 2006 and 2007, respectively (the 2007 value was a record
maximum). The recent increase in summer heat ﬂux through
Bering Strait (Woodgate et al., 2012), combined with the fact that
surface water is heated locally in the Chukchi Sea due to the
enhanced sea ice retreat (Perovich et al., 2007; Perovich et al.,
2008), implies that the heat ﬂux through Barrow Canyon should
be increasing. This in turn could signiﬁcantly impact the basin,
especially in light of the increased easterly winds in this region
during summer (Pickart et al., 2013). Brugler et al. (2014) show
that the export of Paciﬁc water out of Barrow Canyon is more apt
to ﬂow directly northward into the Canada Basin under such wind
conditions, rather than progressing eastward in the shelf-edge
current of the Beaufort Sea (or on the Beaufort shelf). Watanabe
(2011) argues that northward Ekman transport also redirects the
warm Paciﬁc water northward under enhanced easterly winds.
However, the heat ﬂux time series measurements presented by
Itoh et al. (2013) only extend to 2008. Furthermore, their mooring
observations were suspended from September 2008 to September
2010. Therefore, the summer heat ﬂux thorough the Barrow
Canyon in recent years is still unknown.
In this paper we investigate the ﬂow of Paciﬁc water through
Barrow Canyon during summer 2010 using a series of 6 repeat,
high-resolution shipboard transects occupied across the canyon
frommid-July to late-September. The sections were done as part of
the international project entitled the Distributed Biological Obser-
vatory (DBO, http://www.arctic.noaa.gov/dbo/). DBO designated
ﬁve locations in the Paciﬁc Arctic domain, spanning the latitudinal
range from the northern Bering Sea to the northern Chukchi Sea,
as important locations for ecosystem monitoring. The present
work focuses on the northern-most DBO line located in Barrow
Canyon. We also obtained time series data from a mooring
deployed in the pathway of the Paciﬁc summer water. Using the
repeat hydrographic and velocity transects, together with mooring
data, we investigate the intra-seasonal variation of the water
masses and ﬂow ﬁeld in Barrow Canyon and present quantitative
estimates of the volume, freshwater and heat ﬂuxes through the
canyon.
2. Data and methods
The concept behind the DBO is for ships of opportunity to carry
out measurements at a set of sites ranging from the area near St.
Lawrence Island in the northern Bering Sea to Barrow Canyon in
the northeast Chukchi Sea. Depending on the type of cruise and
the time available, the measurements range from basic physical
observations to chemical and biological sampling of both the sea
ﬂoor and the water column. When possible, a transect is occupied
consisting of set of closely spaced stations at speciﬁed locations.
DBO began its pilot phase in 2010, and during that summer the
Barrow Canyon section (DBO line 5) was occupied 6 times from
mid-July to late-September 2010 (Table 1). The section is typically
comprised of 9 stations at 5 km horizontal spacing spanning the
canyon (Fig. 1), and on all cruises except survey II, conductivity-
temperature-depth (CTD) casts were done at each of the stations
(the remaining cruise occupied only four of the CTD stations).
Additional near-shore and offshore stations were done in surveys
IV and V, respectively.
Each of the cruises used a Sea-Bird Electronics CTD with a
SBE03 temperature sensor and SBE04 conductivity sensor. Pre-
cruise laboratory calibrations of these sensors were done in each
case, ranging from 4 to 8 months before the measurements were
collected. It is typical for cruises sampling in deep water to
perform an in-situ calibration of the conductivity sensor as well.
However, because all of the cruises took place in shallow water
(where vertical property gradients are strong), the bottle data
could not be used to do reliable in-situ salinity calibrations. To
examine the general accuracy of the temperature and conductivity
sensors used, we considered data from six Arctic cruises of R/V
Mirai from 2004 to 2013. In particular, we compared records from
a collection of SBE03 and SBE04 sensors with highly accurate
temperature and salinity data from SBE35 temperature recorders
and water samples analyzed by a Guildline Autosal salinometer.
The maximum half-yearly drift of the 12 SBE03 and 9 SBE04
sensors considered was 0.002 1C and 0.01, respectively. We take
this as an overall measure of the uncertainty of the sensors used in
our analysis, which is far smaller than the signals of interest in
Barrow Canyon. Velocities were measured using acoustic Doppler
current proﬁlers (ADCPs) either mounted to the ship’s hull,
attached to the CTD package, or towed. Accuracies were assessed
during the processing for each cruise and were found to be
2 cm s1 for surveys I and V, 4 cm s1 for survey II, 5 cm s1 for
survey IV, and 1 cm s1 for survey VI. These errors are small
relative to the mean velocity in Barrow Canyon (13–50 cm s1).
Nutrients were measured on ﬁve of the six surveys (no nutrient
data were collected on survey III). However, on survey IV no water
samples were collected below 50 m, and on survey VI nutrients
were not obtained at every station. Despite these limitations, the
data coverage was sufﬁcient to help identify the different water
masses present in the canyon during the summer (see Section 3
below). Measurement techniques differed on the cruises. For
survey I the water column samples were analyzed at sea for
nitrate (NO3- ) and nitrite (NO2- ) concentrations with a Seal Analy-
tical continuous-ﬂow AutoAnalyzer 3 (AA3) using a modiﬁcation
of the procedure by Armstrong et al. (1967). On surveys II, IV, and
V the water samples were frozen and brought back to shore for
analysis. For survey II, the nutrient samples were analyzed
following the methods described in Barwell-Clarke and Whitney
(1996). For survey IV, the analyses were performed using a hybrid
Technicon AutoAnalyzer IITM and Alpkem RFA300TM system
following protocols modiﬁed from Gordon et al. (1995). For survey
V, the analyses were carried out using an Alpkem Rapid Flow
Analyzer 300 following the protocols of Mordy et al. (2010). On
survey VI the water samples were analyzed at sea following the
GO-SHIP Repeat Hydrography procedure (Hydes et al., 2010) using
the Reference Materials of Nutrients in Seawater (Aoyama and
Hydes, 2010; Sato et al., 2010).
We also use mooring data in the study. A mooring was maintained
from August 2009 to August 2011, consisting of an ADCP (Teledyne
Table 1
List of the DBO-5 repeat hydrography surveys.
Section Vessel Country Start–end date, time (month/day/year, UTC) Sea Bird CTD System RD instruments ADCP
I USCGC Healy USA 07/12/10, 1730–07/13/10, 1050 SBE 911 plus Vessel mounted Ocean Survey or 150 kHz
II CCGS Sir Wilfrid Laurier Canada 07/19/10, 1300–07/21/10, 2020 SBE 911 plus Towed Broad Band 150 kHz
III R/V Xue Long China 07/25/10, 0850–07/25/10, 1700 SBE 911 plus –
IV R/V Annika Marie USA 08/24/10, 1440–08/25/10, 0030 SBE 19 plus Towed Work Horse Sentinel 300 kHz
V USCGC Healy USA 09/07/10, 2200–09/08/10, 0530 SBE 911 plus Vessel mounted Ocean Surveyor 150 kHz
VI R/V Mirai Japan 09/28/10, 0000–09/29/10, 0630 SBE 911 plus CTD mounted Work Horse Sentinel 300 kHz
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Sentinel WH-300), a conductivitytemperature recorder (SBE37), and
a temperaturepressure recorder (SBE39), all situated at roughly
36 m below the sea surface. The mooring, referred to as Stn. B1, was
close to the DBO-5 line at a water depth of 42 m (see Fig. 1). Based on
the DBO-5 shipboard transects, this location is within the core of the
warm Paciﬁc water during the summer season (see Section 3 below).
The time series data obtained by the mooring were useful for
measuring intra-seasonal variations of water properties and velocity,
although the mooring observations could not provide hydrographic
information in the upper 30 m because of the possibility of damage
from ice keels. This demonstrates the value of having repeat hydro-
graphic sections across the canyon that span the entire water column
from the surface to the bottom, especially during summer when
gradients of temperature and salinity are particularly strong within the
upper layer.
To examine the relationship between currents and winds, we
used meteorological data from the weather station of the Atmo-
spheric Radiation Measurement (ARM) Climate Research Facility,
Pt. Barrow, Alaska, USA. As part of our study we calculate the
correlation between time series of along-canyon current and
along-coast wind speeds. The effective number of degrees of
freedom, which is needed for examining the signiﬁcance level of
the correlation, were derived following Davis (1976) and found to
be 3, 3, 3, 9 and 5 for the months of June through October,
respectively. Finally, we use CTD data from the Canada Basin
obtained by R/V Mirai and CCGS Louis S St-Laurent from September
through October 2010. Detailed descriptions of these data sets are
found in Itoh (2010) and Williams (2010).
3. Synoptic hydrographic and ﬂow ﬁelds during summer 2010
We begin by describing the water properties and current ﬁelds
obtained from the 6 repeat hydrographic surveys of DBO-5 from
mid-July to late-September, 2010. Satellite images from the Advanced
Microwave Scanning Radiometer–EOS (AMSRE; not shown) indicate
that the Barrow Canyon region was covered by sea ice in mid-July
(surveys I and II) and that the ice edge was close to the canyon in
late-July (survey III). The ice edge was more than 300 km north of the
study area in late-August and September (surveys IVVI).
The different water masses that were present in the canyon can
be characterized by their temperature, salinity, and nutrient
content. PWW tends to be elevated in nitrate because, as the
dense water ﬂows northward, it is in contact with the sediments
which contain high levels of inorganic nutrients (e.g. Nishino et al.,
2005; Mills et al., 2015). BSW is also relatively high in nitrate
because one of its constituents, Anadyr water, becomes nutrient
rich during the upwelling process in the Gulf of Anadyr (Springer
et al., 1996; Wang et al., 2009). The Paciﬁc water with the lowest
nutrient content is ACW, although at times it can have modestly
high levels of nitrate.
During the 2010 occupations of the DBO-5 section there were
limited measurements of nutrients (none in survey III), but the
coverage was enough to sample the different Paciﬁc water masses.
Using a LaplacianSpline interpolator we made vertical sections
of nitrate that objectively ﬁlled the data gaps, from which we
constructed a composite temperature/salinity/nitrate plot (Fig. 2).
Using this information, with guidance from historical deﬁnitions
of water masses in the Chukchi Sea (e.g. Coachman et al., 1975), we
deﬁned boundaries of the different water types observed in the
collection of sections. As seen in Fig. 2, the PWW contains the
highest nitrate concentrations, followed by the BSW (even some of
the ACW had slightly elevated concentrations). We stress that the
boundaries in Fig. 2 are not precise and likely change over time,
but, based on the vertical distributions of these water masses in
the DBO-5 crossings, the deﬁnitions used here are reasonable. We
note that there was no Atlantic water sampled during any of the
surveys. There was, however, melt water (labeled MW in Fig. 2)
found at the western end of some of the sections, conﬁned to
depths shallower than 30 m.
The occurrence of the different water masses through the
summer season are documented in Fig. 3, which shows a tempera-
ture/salinity (T/S) histogram plot for each survey. This, together with
the vertical sections of hydrographic variables (potential tempera-
ture, salinity, and potential density, Figs. 4 and 5) reveal quite
marked changes in the water column as the season progresses.
During the ﬁrst part of the summer BSW was the dominant warm
water mass in the canyon, but by survey IV (in late-August) ACW
became more prevalent, reaching temperatures as high as 7.5 1C. By
the time of the last survey (in late-September) the ACW was being
cooled due to atmospheric forcing. Melt water was only present
during the ﬁrst three surveys, consistent with the satellite sea-ice
concentration ﬁelds noted above which indicated that the ice edge
was far north of the canyon during the last three surveys.
The two warm Paciﬁc waters were located predominantly on
the southeastern ﬂank of Barrow Canyon, typically conﬁned to
within 10–20 km of the coast (Figs. 4 and 5). The ADCP velocity
data reveal that the ﬂow in this regionwas usually to the northeast
(Fig. 6), although it varied from survey to survey. This was largely
due to the wind, which is not surprising based on previous studies
that have demonstrated a high sensitivity of the ACC to wind
forcing (e.g. Okkonen et al., 2009; Gong and Pickart, 2015). The
ACC was strongest (0.9 m s1) during transect I when the winds
were predominantly out of the west (Fig. 6a), while one week
later, during survey II, the northeastward ﬂow of the ACC had
weakened considerably associated with a change in wind direction
fromwesterly to easterly (Fig. 6b). However, wind forcing does not
explain all of the variability in the transects. For example, the ACC
was moderately weak during transect VI even though the winds
were westerly at that time (as they were during transect I when
the ACC was strong). There was also evidence of lateral displace-
ments of the ACC; during surveys IV and V the axis of the current
was displaced slightly offshore (Fig. 6d and e).
Fig. 2. Temperature/Salinity diagram using the water sample data from the DBO-5
surveys, where color represents nitrate concentration (mmol L1). The data were
averaged within bins of 0.1 1C in temperature by 0.1 in salinity. The red lines denote
the boundaries of the different water masses considered in the study, and the
numbers are the corresponding temperature and salinity values of the boundaries.
The water masses are: ACW¼Alaskan coastal water; BSW¼summer Bering Sea
water; PWW¼Paciﬁc winter water; MW¼sea-ice melt water; AW¼Atlantic water.
The AW boundaries are from Nikolopoulos et al. (2009) who used a year-long
mooring data set to determine the Paciﬁc/Atlantic interface (note: there was no AW
measured in any of the 2010 DBO-5 surveys). The dashed line is the freezing line.
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The winter water in Barrow Canyon also varied through the
season. Close inspection of the T/S histogram plot (Fig. 3) reveals
that there were two modes of PWW present in Barrow Canyon
during 2010. One mode is characterized by salinities in the range
of 32–33, and the other has a salinity near 33. These are referred to
hereafter as low-salinity and high-salinity PWW. Both modes were
observed in the early surveys (I III), but by the later surveys only
the fresher mode was present (particularly in surveys IV and V).
The vertical sections reveal differences in the locations and
velocity of the two PWWs. In particular, high-salinity PWW was
present in the central part of the canyon, associated with relatively
strong northeastward ﬂow. In contrast, low-salinity PWW was
prevalent on the northwestern side of the canyon, corresponding
with generally weaker poleward ﬂow.
These results suggest that the pathways of the high-salinity and
low-salinity PWW approaching Barrow Canyon differed, resulting in
the different salinities. In particular, the pathway along the Alaskan
coast is the fastest of the Paciﬁc water branches in the Chukchi Sea,
Fig. 3. T/S histogram plots for each of the DBO-5 surveys, where the number of occurrences in each bin is colored (in log counts). The bin size is 0.1 1C in temperature and
0.1 in salinity. The red lines are the water mass boundaries (see Fig. 2). Grey dots are T/S values observed in the Canada Basin (70–801N, 130–1601W) with bottom depths
greater than 1000 m in September and October 2010.
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and would be subject to local salinization by the northeast Chukchi
coastal polynya (Cavalieri and Martin, 1994; Iwamoto et al., 2014) in
addition to smaller leads opening up along the coast. This implies that
the high-salinity PWW entered Barrow Canyon through this pathway.
In contrast, low-salinity PWW was most prevlant later in the season
and was likely less inﬂuenced by salinization in the coastal polynya.
This is consistent with an interior shelf pathway, possibly via the
Central Channel then subsequently ﬂowing cyclonically around Hanna
Shoal before entering Barrow Canyon (Spall et al., 2008). We note that
a very small amount of low-salinity PWW in surveys II and V was
ﬂowing southward on the westward edge of the canyon (0.02 Sv and
0.04 Sv, respectively). This water was possibly recirculated after leaving
the canyon, or entered the canyon via the Chukchi shelfbreak jet
(originating from Herald Canyon, Pickart et al., 2010). A long-term
mooring in Barrow Canyon from 2000 to 2006 also revealed high-
salinity PWW exiting the Chukchi Sea until August (Itoh et al., 2012),
which is consistent with our results.
4. Volume and heat ﬂuxes during summer 2010
In this section we examine the volume, freshwater, and heat ﬂuxes
through Barrow Canyon. The reference temperature used to calculate
heat content and heat ﬂux is the freezing temperature of seawater
(dependent on salinity), as we are interested in the heat available for
melting sea ice. We used S¼34.8 as a reference salinity to calculate the
freshwater content and freshwater ﬂux, following Aagaard and
Carmack (1989). Net property ﬂuxes and contents were computed
over the 9 stations spanning a 40 km distance across the canyon,
indicated by the solid line in Fig. 4 and solid circles in the inset
to Fig. 1. To simplify the results we considered two broad water
classes: Paciﬁc summer water (i.e. the BSW and ACW combined,
which henceforth is referred to as PSW) and Paciﬁc winter water (i.e.
the combination of the low-salinity PWW and high-salinity PWW).
Melt water was excluded from the calculations.We note that the ADCP
does not measure currents within 5–20m of the surface, and, for the
depths of the DBO-5 section, the ADCP bottom blanking region varies
from 5 to 17m above the seaﬂoor. Also, the CTD only measured
temperature and salinity to within 2–10m of the bottom. We ﬁlled in
the missing hydrographic and velocity information using constant
extrapolation. This was deemed reasonable even for the relatively
large surface blanking region of the ADCP (20m), since the mooring
data from Stn. B1 revealed a difference in along-canyon velocity
between 7m and 23m of only 72 cm s1 for July through Septem-
ber. We did not compute property ﬂuxes and content for surveys II or
III. In the former case, data were not obtained on the southeastern
ﬂank of the canyon where the PSW and strong currents exist. In the
latter case, velocity data were not available for the section.
The calculated the ﬂuxes from the DBO-5 repeat hydrographic/
velocity sections are presented in Table 22. The net volume
transport through the canyon was poleward and varied between
0.96 and 1.70 Sv, consisting of 0.41–0.98 Sv of PSW and 0.28–
0.65 Sv of PWW. The highest transport was observed in survey I,
when the winds were strongly out of the west (Fig. 6a). The
freshwater content showed small variations for all surveys. Thus,
Fig. 4. Vertical sections of potential temperature (color, 1C) and potential density (contours, kg m3) for the DBO-5 repeat hydrographic transects listed in Table 1. The
viewer is looking north. Triangles at the top of each panel indicate CTD station locations. Stations below the black solid line in (a) were used for the integration of property
ﬂuxes and inventories on DBO-5 line in Tables 2 and 3. The location of mooring Stn. B1 is indicated by solid triangle in (a).
2 If we extrapolate the velocities and hydrographic variables to the coast (using
constant extrapolation), the volume, freshwater, and heat ﬂuxes are only increased
by 1.2–1.7%, 1.5–2.5%, 2.3–4.6%, respectively.
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freshwater ﬂux was mainly dictated by the volume ﬂux, which is
consistent with the mooring results of Itoh et al. (2013). Relatively
large freshwater ﬂuxes were observed in surveys I and IV, mainly
due to the large volume transport through Barrow Canyon during
those occupations. Heat content varied widely, ranging from 31.5
to 61.2 MJ between July and September. The PSW accounted for
70–92% of the total heat content. The maximum heat content was
observed in early-September (survey V) when the temperature of
ACW was the highest, almost twice as large as the values recorded
in July (surveys I, III) and late-September (survey VI). The heat ﬂux
also varied strongly, ranging from 8.56 TW (survey VI in late-
September) to 24.56 TW (survey V in early-September).
The variability of the ﬂow in Barrow Canyon is largely dictated by
along-coast winds (Weingartner et al., 2005; Woodgate et al., 2005;
Itoh et al., 2013). As such, we examined the relationship between the
winds at Pt. Barrow and the transport through the canyon using the
DBO-5 repeat sections. We found that the maximum coherence
occurred between along-canyon transport and nearly along-coast
winds (751T). In particular, easterly winds diminish the down-canyon
transport and westerly winds enhance it. Four transport measurements
from the mouth of Barrow Canyon (shown by gray dots in Fig. 1) were
included in this analysis, in addition to the repeat DBO-5 surveys
shown in Table 2. These additional surveys were conducted in
September 2002, September 2010, September 2010, and July 2011
(see Itoh et al., 2013). It is reasonable to assume that the along-canyon
transport is conserved over this short distance, consistent with the
results of Pickart et al. (2005) who found little difference in transport
between the head and mouth of the canyon. We note that both Paciﬁc
and Atlantic waters are present at themouth of the canyon because the
canyon depths (300m) are deeper than those of the DBO-5 section.
Therefore, we used only the transport of Paciﬁc water.
We compare Paciﬁc water transport at the mouth of Barrow
Canyon and along-coast winds at Pt. Barrow with a 12 h time-lag
in Fig. 7a, since this resulted in maximum correlation. We note that
the highest correlation occurs for 6.0–18.0 h time-lags. Disturbances in
the current initiated by the wind should propagate northeastward
along the Alaskan coast as coastally-trapped waves. For the above lags,
this corresponds to wave speeds of 1.1–3.2 m s1 for the distance from
the Pt. Barrow weather station site to the mouth of the canyon. These
speeds are similar to the topographic Rossby wave speed of 2.0 m s1
found by Signorini et al. (1997) for approximated shelf-slope topo-
graphy and forcing in Barrow Canyon. It is also consistent with the
wave speeds of the three highest coastally-trapped modes found by
Nakayama et al. (2012) for realistic shelf-slope topography (0.9–
4.74 m s1).
A comparison of the volume transport and along-coast wind
speed is shown in Fig. 7a. The data are signiﬁcantly correlated
(r¼0.936) at a conﬁdence level of 99%, demonstrating the impor-
tance of wind forcing in the canyon. This is consistent with the
results of previous studies (Weingartner et al., 2005; Woodgate
et al., 2005; Itoh et al., 2013). Fig. 7a also shows the linear
regression line from a least squares ﬁt between the volume
transport and along-coast wind speed. The Barrow Canyon volume
transport (V) was approximated by a linear function of the along-
coast wind speed (W) as follows:
V ¼ 0:25Wþ1:06 ð1Þ
The intercept of the linear regression line in Eq. (1) represents
the transport without wind forcing, which is 1.06 Sv. This is similar
to the no-wind value determined by Itoh et al. (2013) and by Gong
and Pickart (2015).
Using the wind-transport regression we constructed a time
series of volume transport at the DBO-5 line for the time period of
June to October 2010 based on Pt. Barrow weather station data
in Fig. 8b. To validate this result, we compared it with the time
series of along-canyon current from the mooring located near the
Fig. 5. Same as Fig. 4, except for salinity (color).
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core of the PSW (see Fig. 1 for the location of the mooring). The
signiﬁcant correlation (r¼0.743) between the wind-derived
transport and the measured current is evident from June to
October (compare Fig. 8b and c). We note that the correspondence
lessens in late-September and October; this can be explained by
changes in the current system and the water masses. In particular,
the warm PSW disappears and colder water occupies the canyon
this late in the season (Fig. 4f; see also Itoh et al. (2013)).
The average volume transport estimated using the wind data
from July–September is 0.98 Sv, which is nearly equal to the unforced
value from Fig. 7a. This is because, averaged over the summer season,
the along-coast winds were relatively weak. Using long-term moor-
ing records and wind data, Itoh et al. (2013) computed an inter-
annual time series of transport in Barrow Canyon. Their value for
July–September 2010 was 0.90, consistent with the value obtained
here. For the DBO-5 data, the freshwater ﬂuxes are highly correlated
with volume ﬂuxes (r¼0.87, p¼0.005), and were typically about
8.4% of the volume ﬂux (not shown). The average freshwater ﬂux
estimated from the wind data for July–September is 82 mSv.
Fig. 6. Same as Fig. 4, except for velocity (color, m s1) measured by the different ADCPs (note that there was no velocity data for survey III). Northeastward down-canyon
ﬂow is positive. The dashed line is 0 m s1 isotach. Included are the two-day averaged surface wind vectors at Pt. Barrow, centered at the time of occupation of each section.
The compass circles indicate wind velocities of 4 m s1. Averaged wind velocity values for each cruise are indicated in yellow.
Table 2
Volume transport (Sv), freshwater ﬂux (mSv), and heat ﬂux (TW) across the DBO-5 line through the Barrow Canyon. Contributions of Paciﬁc summer water (PSW) and Paciﬁc
winter water (PWW) are also listed. Deﬁnitions of PSW and PWW are shown in Fig. 2. Volume, freshwater and heat ﬂuxes were integrated for 40 kmwidth between stations
indicated by solid red circles in Fig. 1 and solid black line in Fig. 2a. The uncertainty is due velocity error of 2 cm s1 for surveys I and V, 5 cm s1 for survey IV, and 1 cm s1
for survey VI.
Survey Volume transport (Sv) Freshwater ﬂux (mSv) Heat ﬂux (TW)
Total PSW PWW Total PSW PWW Total PSW PWW
I 1.7070.07 0.9870.03 0.6570.03 120.475.9 76.372.6 33.871.9 21.2170.72 17.7570.54 3.0970.14
IV 1.3170.19 0.8670.11 0.4470.08 119.9717.4 89.6711.7 29.175.0 22.6272.77 21.2872.51 1.2870.22
V 1.1070.08 0.8370.04 0.2870.03 93.776.2 77.974.3 16.471.8 24.5671.22 23.9171.12 0.6970.10
VI 0.9670.04 0.4170.02 0.5470.02 77.773.1 43.471.7 33.271.3 8.5670.34 6.8770.25 1.5970.06
Table 3
Freshwater content (105 m2) and heat content (MJ) across the DBO-5 line
through the Barrow Canyon. Contributions of Paciﬁc summer water (PSW) and
Paciﬁc winter water (PWW) are also listed. Temperature/Salinity diagram in Fig. 2
show deﬁnitions of PSW and PWW. Heat and freshwater contents were integrated
stations indicated by solid red circles in Fig. 1 and solid black line in Fig. 4a.
Survey Freshwater content (105 m2) Heat content (MJ)
Total PSW PWW Total PSW PWW
I 3.0 1.3 0.9 35.8 27.2 7.1
III 3.0 1.3 1.0 31.5 21.9 6.6
IV 3.5 2.3 1.0 55.4 50.3 4.4
V 3.1 2.2 0.9 61.2 56.1 4.8
VI 3.1 1.7 1.3 33.5 25.3 6.1
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As mentioned above, PSW is the dominant source of heat in
Barrow Canyon. We examined the relationship between the
temperature measured by the mooring at the core of the PSW
and the calculated heat content in Barrow Canyon at the DBO-5
line. A comparison of the heat content to the PSW temperature
(relative to the freezing point, Tf) is shown in Fig. 7b. This
demonstrates that the PSW temperature and the heat content
are signiﬁcantly correlated at the 99% level, and that the mooring
time series of PSW temperature (Fig. 8d) can act as a proxy for the
heat content in the canyon during the summer season. Fig. 7b also
shows the linear regression line from a least squares ﬁt between
PSW temperature relative to the freezing temperature (T–Tf) and
heat content (HC) as follows:
HC ¼ 7:76ðTTf Þ12:37 ð2Þ
We then used this proxy, along with the volume transport
estimated from the along-coast wind (Fig. 8b), to obtain a measure
of the heat ﬂux in Barrow Canyon independent of the value calculated
from the DBO measurements. In particular, we applied a multiple
regression analysis of PSW temperature (T–Tf) and along-canyon wind
(W) to estimate the heat ﬂux in the canyon as follows:
HFest ¼ 2:84Wþ4:22ðTTf Þ14:12 ð3Þ
Fig. 7c shows the scatter plot of observed heat ﬂux at DBO-5
line and estimated heat ﬂux from Eq. (3), which demonstrates a
favorable comparison. Unfortunately, only four of the DBO-5
repeat surveys could be used to test this relationship and more
data are needed to fully verify it. Nonetheless, it suggests that
variations in heat ﬂux through Barrow Canyon can be explained by
variations in PSW temperature and along-coast wind, and that our
mooring-derived heat ﬂuxes for JulySeptember are realistic.
The estimated heat ﬂux time series during July–September derived
from the mooring data and the Pt. Barrow wind data is shown
in Fig. 8e. The heat ﬂux through Barrow Canyon was largest in
September because of the presence of a relatively steady poleward
volume transport (due to weak wind forcing) and the warmest PSW in
the ﬁrst half of September. The average heat ﬂux during July–
September was 13.4 TW, which corresponds to 1.11020 J of heat.
This could melt 315,000 km2 (560 km560 km) of 1-meter thick ice.
We note that the temperature was mostly below 0 1C until the end of
June and after the beginning of October (Fig. 8d), so the heat ﬂux is
very small for these periods. This suggests that most of the heat ﬂux
through the canyon occurs during the summer months, which is
consistent with other studies. From the mooring results of Itoh et al.
(2013), the difference between annual total heat ﬂux and that from
July to September ranges from 0.19–0.24 TW for 20012007, which
is an order of magnitude smaller than annual total heat ﬂux (1.97 TW).
Also, farther to the east in the Beaufort shelfbreak jet, Brugler et al.
(2014) found that nearly all of the heat ﬂux occurred in the months of
July-September. Thus, it is safe to assume that the integrated heat ﬂux
from July–September calculated here is comparable to the annual total
heat ﬂux through Barrow Canyon.
The average annual heat ﬂux in 2010 was estimated to be
3.34 TW, which is as large as the 2007 record maximum for the
time period 2001–2007 (Itoh et al., 2013), and 1.7 times larger
than the average value during that period. One sees in Fig. 8e that
the heat ﬂux from late-August to mid-September was typically 20–
40 TW. Notably, this is 3–5 times larger than that measured in
1993 (Munchow and Carmack, 1997), mainly due to an increase in
temperature of the Paciﬁc summer waters. Over the past few
decades, Arctic sea ice cover has decreased dramatically (Stroeve
et al., 2012). The sea ice extent in summer 2010 was the third
lowest, next to 2007 and 2008, for the 30-year period 1979–2010.
Local heating of surface water in the Chukchi Sea due to less sea
ice during summer, together with the recent increased summer-
time heat ﬂux through the Bering Strait (Woodgate et al., 2012),
likely both contributed to the warming of the PSW.
The increased heat ﬂux through Barrow Canyon observed in
2007 and 2010 has likely contributed to the recent enhanced sea-
ice melt in the Arctic basin. A signiﬁcant portion of the Paciﬁc
Fig. 7. Scatter plots showing the relationships between different variables in
Barrow Canyon. The correlation coefﬁcient (r) and p-value are indicated in the
upper left corner of each panel. Statistical conﬁdence of a nonzero correlation is
given by (1p). The straight lines are least-squares regression lines. The thin
curves show the 90% conﬁdence bounds for estimated values from the regression
analysis (cf. von Storch and Zwiers, 1999). See text for the equations of the lines in
each panel. (a) Volume transport (Sv) through Barrow Canyon versus along-coast
(751T) wind speed (m/s) measured at the Pt. Barrow meteorological station. Gray
symbols are volume transport observed at the mouth of Barrow Canyon. (b) PSW
temperature (1C) at the mooring site versus heat content (MJ) at DBO-5 line.
(c) Estimated heat ﬂux (TW) from the multiple regression analysis versus the
observed heat ﬂux (TW) at DBO-5 line.
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water that ﬂows through Barrow Canyon is eventually trans-
ported into the Canada Basin by shelf-break eddies (Pickart 2004;
Watanabe and Hasumi 2009), wind-driven Ekman ﬂow (Pickart
et al., 2013), or advection directly out of the canyon (Brugler et al.,
2014).3 While it is presently unknown which of these mechan-
isms is dominant, it is worth noting that in summer 2010 an
anomalously warm and large anticyclonic ACW eddy containing
3.81018 J of heat was found in the southern Canada Basin
(Nishino et al., 2011; Kawaguchi et al., 2012), corresponding to
3.5% of the total annual heat transport of PSW through the
canyon.
5. Summary
Over the past few decades, sea ice retreat during summer has
been enhanced in the Paciﬁc sector of the Arctic basin, likely due
in part to increased summertime heat ﬂux of Paciﬁc-origin water
from the Bering Strait. Using data from 6 high-resolution ship-
board sections across Barrow Canyon taken over the course of
summer 2010, together with mooring data, we investigated the
water masses and property ﬂuxes through the canyon, which is a
major conduit for Paciﬁc water to spread into the interior Arctic
basin. The different Paciﬁc water masses feeding the canyon –
Alaskan coastal water (ACW), summer Bering Sea water (BSW),
and Paciﬁc winter water (PWW) – all displayed signiﬁcant intra-
seasonal variability. The Alaskan Coastal Current (ACC) advected
summer waters northward along the eastern ﬂank of the canyon
frommid-July to late-September. During the ﬁrst three surveys the
ACC contained mostly BSW, while in the latter three surveys it was
comprised predominantly of ACW. PWW was typically found in
the central and western parts of the canyon. The salinity of this
Fig. 8. Timeseries of various quantities in Barrow Canyon from JuneOctober, 2010. The dates of the 6 DBO-5 occupations are indicated by the gray bars. (a) Wind speed
(m s1) measured at the Pt. Barrow meteorological station. (b) Volume transport (Sv) across DBO-5 line estimated from the wind (northeastward down-canyon ﬂow is
positive). The green crosses indicate the measured values at the DBO-5 line. Higher (lower) than average values are indicated by the red (blue) shading. The monthly
averaged values are indicated along the bottom of the panel, and the full summer average (JulySeptember) is listed in the upper right of the panel. The standard error (cf.
Emery and Thompson, 1997) of the estimated volume transport is 70.16 Sv. (c) Measured along-canyon velocity (cm s1). The correlation coefﬁcients between the volume
transport and along-canyon velocity (r) and p-value for each month are indicated along the bottom of the panel. The statistical conﬁdence of a nonzero correlation is given by
(1p). The correlation coefﬁcient and p-value for the period June-October are indicated in the upper right of the panel. (d) PSW temperature (1C) from the mooring data.
(e) Derived time series of heat ﬂux (TW) across DBO-5 line (see text for details). The standard error of the estimated heat ﬂux is 71.8 TW.
3 A portion of the PSW ﬂowing through Barrow Canyon may at times be
advected onto the Beaufort shelf (Munchow and Carmack, 1997). However, this is
far less than the amount transported by the Beaufort shelfbreak jet (Nikolopoulos
et al., 2009).
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water mass changed over the course of the season, with mostly
higher salinity water ﬂowing swiftly through the canyon in early
summer, and lower salinity water ﬂowing more slowly as the
summer progressed. The high-salinity PWW would have been
strongly inﬂuenced by salinization along the Alaskan coast, includ-
ing the northeast Chukchi polynya, whereas low-salinity PWW
would be less inﬂuenced by salinization via a pathway from Bering
Strait to Barrow Canyon through the central Chukchi shelf.
Based on the repeat hydrographic/velocity sections, the net
volume transport through the canyon was poleward, varying
between 0.96 and 1.70 Sv. It consisted of 0.41–0.98 Sv of warm
Paciﬁc summer water (BSW and ACW) and 0.28–0.65 Sv of cold
PWW. The heat ﬂux varied widely, ranging from 8.56 to 24.56 TW,
mainly due to the change in heat content of the summer water.
The Barrow Canyon transport was linked to the local along-coast
winds such that, under westerly winds, the volume ﬂux through
the canyon increased. The average volume transport estimated
from the wind data for July–September was 0.98 Sv, which was
nearly equal to the unforced transport estimated from the repeat
shipboard sections. The amount of heat ﬂuxed northward from
July to September was 1.11020 J, which had the potential to melt
315,000 km2 (560 km560 km) of 1-m thick ice. The annual
average heat ﬂux in 2010 was estimated to be 3.34 TW, which is
as large as the record maximum observed previously in 2007 (Itoh
et al., 2013). As such, this could have contributed signiﬁcantly to
the recent enhanced sea ice melt in the Paciﬁc sector of the Arctic
basin during summer and/or delayed ice formation during the fall
and early winter.
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